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RARE EARTH CINNAMATES AND THEIR 
CORROSION INHIBITION MECHANISMS FOR 
AS1020 STEEL 
M. Seter*1, G. Girard1, B. Hinton1, M. Forsyth1  
1Deakin University, Melbourne, Australia.  
SUMMARY: Speciation of the inhibitors lanthanum 2-hydroxy cinnamate and lanthanum 3-hydroxy 
cinnamate in solution has been evaluated and compared to the speciation of lanthanum 4-hydroxy 
cinnamate. The results have been correlated with corrosion inhibition efficiency for AS1020 steel in an 
aqueous chloride solution using a combination of analytical tools such as nuclear magnetic resonance 
(NMR) spectroscopy, electrospray mass spectrometry (ESMS), potentiodynamic polarisation.  
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1. INTRODUCTION     
 
Over the past ten years Forsyth and co-workers have developed a library of rare earth organic compounds that have the 
potential to inhibit or slow down the corrosion process on steel substrates, (Fig.1).[1-6] To date, it has been shown that the 
lanthanum 4-hydroxy cinnamate [La(4OHCin)3] has proven to be the most promising amongst all other rare earth organic 
compounds prepared and tested.[5, 6] 
A speciation study showed the significant corrosion inhibition properties of lanthanum 4-hydroxy cinnamate for steel in 
0.01M NaCl solution over a range of pH from 2.5 to 8.[6] The compound performs better as an inhibitor of steel at higher 
concentrations and under alkaline conditions. Under acidic pH conditions the dissociation of the lanthanum 4-hydroxy 
cinnamate occurs where the predominant species are lanthanum chloride [LaCl4]- and hydroxyl-cinnamate as separate 
entities in solution; this leads to a rather low mixed inhibition effect compared to the strong anodic inhibition observed at 
higher pH values when the complex [LaL4]- is present.
[6]  
The observation that slight cathodic inhibition was more evident under acidic conditions (except for high concentrations, i.e 
1000ppm where the inhibition was via both anodic and cathodic processes), and that this correlated with an excess of the 
LaCl4- species, strongly suggests that the speciation of La(4OH-Cin)3  is critical to the anodic nature and high efficiency of 
the inhibition and confirms the synergy of the organic and REM components previously suggested by Forsyth et al.[7]  
We have also shown that when lanthanum 4-hydroxy cinnamate is added as a corrosion inhibiting pigment into a 
polyurethane based coating, a significant reduction in filiform corrosion on mild steel was observed.[5] Filiform scribe tests 
suggested that the lanthanum 4-hydroxy cinnamate inhibited the initiation and propagation of both filiform corrosion and 
delamination of the coating from the scribe. The hypothesised mechanism included that under acidic conditions when 
oxygen is available (the filament head) the lanthanum 4-hydroxy cinnamate will primarily behave as a cathodic inhibitor, 
whereby suppressing the oxygen reduction reaction. Whereas, at the defect site, i.e. the scribe in the polyurethane coating, 
the lanthanum 4-hydroxy cinnamate acts as an anodic inhibitor[5] suppressing metal dissolution and shifting the pitting 
potential to more anodic values.  It was certainly interesting to discover that this inhibitor might be capable of functioning 
well over a diverse pH range, and that the inhibition mechanism could also vary over that range. 
The present focus of this paper is to investigate the influence of the chemistry of the organic components on speciation in 
different environmental conditions and to correlate this with inhibitor performance. The study includes the inhibitors, 
lanthanum 2-hydroxy and 3-hydroxy cinnamate, in comparison to lanthanum 4-hydroxy cinnamate (Fig 1). These analyses 
could lead to more clever choices of inhibitor combinations and a better understanding on the influence of chemical 
structure and bonding to yield even better inhibition properties of this family of compounds.  
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Figure 1 Library of organic compounds, which have been coordinated to the rare earth metal, lanthanum. The organic 
compounds, 2, 3, and 4-hydroxy cinnamate have been highlighted with a red circle. 
2. EXPERIMENTAL DETAILS   
2.1 Materials 
 
The working electrodes were machined from a cylindrical mild steel rod AS1020 to a 1cm diameter and a surface area of 
0.78 cm2. The steel electrodes were coated in an epoxy resin and attached to a Teflon holder to be used in electrochemical 
measurements. 
Lanthanum hydroxy cinnamate series were prepared as previously reported[8] and will be written in the format La(xOH-
Cin)3, where x is equal to 2, 3 or 4. 
2.2 Test Solutions 
 
Analytical grade sodium chloride (NaCl) and de-ionised water were used throughout all tests. The test solutions were made 
up to 400 ppm concentration using the appropriate amount of La(xOH-Cin)3 in 0.01M NaCl solution. A small amount of 
ethanol was added to the solution to aid in the dissolution of the inhibitor; the ethanol was then evaporated from the 
solution before any testing by heating above 80 °C for a number of hours.  
The natural pH of the inhibitor solutions was pH 5.5. Once the solutions were prepared they were exposed to an open to air 
environment, unstirred, in a temperature-controlled laboratory for use in various experiments. 
2.3 Potentiodynamic Polarisation Measurements (PP) 
 
The cell consisted of a 150 mL flask with titanium mesh used for the counter electrode. The potentials were measured 
against a silver/silver chloride (Ag/AgCl) reference electrode and the working electrode was prepared using silicon carbide 
paper from P320 up to P4000 grit. The working electrode was rinsed with de-ionised water and dried with nitrogen gas. 
The Biologic VMP3 potentiostat with EC-Lab v10.12 software was used. 
The electrodes are immersed into the test solution and allowed to rest open to air for 12 hours to reach a steady open circuit 
potential (OCP). Once stable, the potentiodynamic measurements were performed at a scanning rate of 0.1667 mV s-1. The 
scans started at 200 mV more negative than Ecorr and continued through Ecorr for a range of 1.0 V in the positive 
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direction. Repeat scans gave good reproducibility. The current density (Icorr) values were calculated using Tafel 
extrapolation methods. Where anodic and cathodic curves were near linear and symmetrical within  +/- 50mV from Ecorr, 
both Tafel slopes were extrapolated until the lines intersected at Ecorr. 
2.4 Nuclear Magnetic Resonance Spectroscopy (NMR) 
 
The 400ppm inhibitor solution was prepared as mentioned above. NMR spectra were recorded on a Jeol JNM-EX270 
spectrometer at 270.17 MHz (139La), 38.16 MHz. 139La NMR is referenced against external lanthanum chloride (LaCl3) in 
D2O. A double pulse spin echo experiment was used with a 180° pulse duration of 26.4 µs followed by a 90° pulse duration 
of 13.2 µs. Spectra were collected using 4096 transients, a 0.36 s acquisition time, and a 0.30 s relaxation delay. Each 
spectrum had the subsequent processing parameters applied using MestReNova 7.0.3: smoothing via Whittaker Smoother 
method, phase correction, and baseline correction. Peak widths at half height were measured. All NMR spectra are reported 
as their corresponding chemical shifts δ.  
NMR experiments were run at room temperature in 10 mm NMR tubes for solutions of the same concentration used in the 
potentiodynamic polarisation. 
2.5 Electrospray Mass Spectrometry (ESMS) 
 
The inhibitor solutions were prepared in the same manner as for the NMR analysis, using the same concentration (400 
ppm). Electrospray Mass Spectrometry (ESMS) was obtained with an Agilent Technologies LC/MSD TOF with 
acetonitrile as the mobile phase with a flow rate of 25 µL min-1. The 400ppm inhibitor solutions were injected into the 
spectrometer, with nitrogen gas used for nebulisation. Data was collected using Agilent MassHunter Workstation Data 
Acquisition software and analysed using Agilent MassHunter Qualitative Analysis software. 
3. RESULTS 
3.1 Potentiodynamic Polarisation – Corrosion Mechanism Determination 
 
An insight into the mechanism of corrosion mitigation is presented and can be understood by investigating the 
electrochemical behaviour. Figure 2 below presents the potentiodynamic polarisation curves obtained in this work for 
400ppm La(xOH-Cin)3 at pH5.5. As can be seen from the curves all inhibitors show a reduction in the current density at the 
anodic arm. Another interesting feature includes a shift observed toward more anodic potentials as the position of the 
hydroxyl group is changed from the 2 position to the 4 position of the cinnamate component. 
Table 1 presents a summary of results obtained after immersing mild steel in the test solutions under the various conditions. 
The values for Ecorr and Icorr are given for La(xOH-Cin)3, where x is equal to 2, 3 and 4, and have been extracted from the 
potentiodynamic polarisation curves. The overall trend includes a decrease in the corrosion current and increases in anodic 
potential for the inhibitors, i.e lanthanum 2-hydroxy cinnamate < lanthanum 3-hydroxy cinnamate < lanthanum 4-hydroxy 
cinnamate with respect to their corrosion inhibition efficiency. 
Table 1. Corrosion potential, Ecorr, and corrosion current, Icorr, extracted from PP measurements (Tafel extrapolation) for at 
solution of 400ppm RE Cinnamates at pH5.5. 
  Icorr 
(µA/cm2) 
   
Solution 1 2 3 Av. Icorr Ecorr 
0.01M NaCl 2.11 2.09 - 2.10 -514.92 
La(2OHCin)3 1.91 1.88 1.85 1.88 -414.89 
La(3OHCin)3 0.57 0.61 0.58 0.59 -347.92 
La(4OHCin)3 0.28 0.29 - 0.29 -335.55 
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Figure 2 Polarisation curves for rare earth cinnamates in 0.01M NaCl solution with a constant pH of 5.5 and concentration 
of 400ppm. Polarisation curves are compared to a control experiment consisting of 0.01M NaCl solution at pH 5.5. 
3.2 Nuclear Magnetic Resonance (NMR) 
Nuclear magnetic resonance is a powerful chemical characterisation tool and has been used to evaluate the change in 
solution speciation of the 400ppm lanthanum cinnamate series. A spectrum of lanthanum chloride in D2O was used as a 
reference where the signal resonates at δ 4.89 ppm (Fig 3). From figure 4 below it can be seen there is a clear shift to higher 
resonances as the position of the hydroxyl group is changed from 4-hydroxy to 3-hydroxy and then the 2-hydroxy 
cinnamate presenting a peak at the highest frequency. 
 
 
Figure 3 Spectrum of LaCl3 reference in D2O 
 
Previous work has shown that an increase in concentration of the lanthanum 4-hydoxy cinnamate at any given pH condition 
will result in a shift to higher frequencies and increase the broadness of the peak area.[6] It was concluded from that 
speciation study of the lanthanum 4-hydroxy cinnamate that a shift to higher frequencies and increasing broadness is an 
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indication of the presence of a number of different species in solution and that the exchange between the species could lead 
to short relaxation times (T2) and lifetime broadening.[9, 10] 
Table 2 below presents the observed shifts found for each solution of lanthanum 2, 3, and 4-hydroxy cinnamate at 400ppm 
in a solution at pH5.5. The table clearly indicates that, firstly, the resonance shifts to higher frequencies, and secondly that 
the peak at half height increases from lanthanum 4-hydroxy cinnamate to lanthanum 2-hydroxy cinnamate. The change in 
NMR signal position signifies a change in the environment surrounding the lanthanum and its coordination geometry.  For 
example, exchange due to increasing amount of species and the fact that lanthanum is quadropolar and signals become 
broad when asymmetric environment surround the nuclei. This is further investigated using ESMS as discussed below.  
 
 
Figure 4 139La NMR of La(2OHCin)3 (blue), La(3OHCin)3 (green), and La(4OHCin)3 (red) in solution at 400ppm 
concentration and a pH5.5 showing comparisons in the line width at ½ height. 
  
Table 2. NMR shifts and ½ widths corresponding to each rare earth cinnamate 
Test Solution NMR Shift (ppm) ½ Width (Hz) 
LaCl3 Reference in D2O 4.9 179 
La(2OH-Cin)3 16.4 630 
La(3OH-Cin)3 12.5 500 
La(4OH-Cin)3 9.8 470 
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3.3 Electrospray Mass Spectrometry (ESMS) 
 
Mass spectrometry measures the mass-to-charge ratio of charged particles. This valuable analytical technique is used to 
determine the mass of particles and the elemental composition of a sample. The behaviour of the chemical equilibrium will 
change when there are changes to the reaction conditions, for example a change in the concentration, and therefore a 
change in the mass-to-charge ratio of the charged species is expected to be observed. Table 3 below presents a summary of 
the lanthanum complex species that are expected in the solutions investigated here. 
 
Table 3. Mass Spectrometry data 








In Figure 5 below, the electrospray mass spectrum obtained for 400ppm La(xOH-Cin)3 at pH5.5 demonstrates the change 
in the mass-to-charge ratio of the species present according to the expected species in the table above and also shows that 
not all inhibitors have the same species present under the given conditions.  
Previous work published for the speciation work on La(4OHCin)3 suggested that the mass-to-charge ratios for the species 
listed in table 3 would change depending on the concentration and pH of the solution, forming an equilibrium equation 
(Equation 1). It was found that the concentration and pH condition was linked to the species present in solution and for the 
most efficient inhibition the species present laid to the right of the equilibrium. Therefore suggesting that when species 
such as [LaL3Cl]- and [LaL4]- (L = xOH-cinnamate) were present the observed inhibition was greater than when they were 
absent.  
Figure 5c represents the electrospray mass spectrum of a 400ppm solution of La(4OHCin)3 at pH5.5, previously reported 
by Seter et al,[6] whereby there was shown to be an even distribution of species present that relate to the mentioned 
equilibrium equation. It was suggested that the presence of, in particular, the heavier charged species such as [LaL3Cl]- and 
[LaL4]- were an indication of a greater efficiency to mitigate corrosion on a mild steel surface. This hypothesis was 
supported by potentiodynamic polarisation and NMR spectroscopy. 
In figure 5a below, however, it would seen from the spectrum of La(2OHCin)3 that the majority of the species present at 
this particular concentration and solution pH are of lower molecular weight and consist mainly of species that lie to the left 
of the equilibrium reaction (equation 1). In particular and worth noting is the low mass to charge ratio of the [LaL4]- species 
at 790/792 mass units. Some of the low molecular weight species present in the spectrum have been attributed to species 
containing lanthanum and hydroxides and may include compounds such as LaL2(OH)3(H2O)6Cl]2-, [LaL2(OH)3(H2O)6Cl2]2- 
and [LaL2(OH)3(H2O)6Cl3]2-. These species not being prevalent in the electrospray mass spectrum of La(4OHCin)3. 
The electrospray mass spectrum obtained for La(3OHCin)3 appeared to contain a number of species, not unlike 
La(2OHCin)3, however these species were somewhat evenly distributed with high mass-to-charge ratios of species such as 
[LaL3Cl]- and [LaL4]-. 
 
 
[LaCl4]- ⇌  [LaCl3L]- ⇌  [LaCl2L2 ]- ⇌  [LaClL3]- ⇌  [LaL4]-                                                                           Equation 1 
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4. DISCUSSION  
It has been found that the concentration of chloride and H+/OH- ions in a given environment can significantly influence the 
nature of the native oxide film on a metal substrate,[11, 12] and therefore the inhibition mechanism will also depend on pH. 
In our prior work, a possible mechanism for the inhibitor on steel in neutral aqueous conditions has been described[4] and is 
as follows: the rare earth metal organic complex binds to the metal surface (probably creating bimetallic Fe-L-La 
complexes[13] producing a film of non-uniform coverage due to the non-homogeneity of the steel microstructure. The 
locally formed film prevents further metal dissolution of the substrate, however, in nearby areas without complex film 
coverage, corrosion involving metal dissolution and accompanying cathodic reactions will continue. The local increase in 
alkalinity associated with these reactions will encourage cleavage of the rare earth metal – carboxylate bonds and partial or 
full hydrolysis of the rare earth metal. Thus local regions of high pH can lead to additional precipitation of rare earth metal 
hydroxide and iron oxide/hydroxide species on the surface of the substrate due to their solubility being exceeded. Thus the 
alloy surface will be covered with a film consisting of bimetallic complexes and a mixture of rare earth metal and iron 
oxides/hydroxides. Behrouzvaziri et al have shown using SEM that this protective film can be quite thick and have a 
complex morphology.[14] 
This mechanism of action for film coverage has been found to be plausible for inhibitors such as La(4OHCin)3, and has 
been supported by a speciation study in our previous work.[6] However, it is interesting to find in this study, where only the 
position of the hydroxyl group on the aromatic ring has been changed, remarkably alters the corrosion inhibition efficiency 
of mild steel. 
From the results in the current study it has been found that the La(2OHCin)3 in a 400ppm solution at pH5.5 performs as an 
anodic inhibitor as seen from the potentiodynamic polarisation results. It has also been found that from both the NMR and 
electrospray mass spectroscopy that there are a number of species in solution. However, the La(4OHCin)3 remains to be the 
best corrosion inhibitor. From previous work with the La(4OHCin)3 it was concluded that the more species present in the 
solution the better the corrosion inhibition efficiency, however, it is now interesting to report that the type of species in 
solution is also important, as it seems that the “right” types of species need to be present to allow for good corrosion 
inhibition.[6] 
The La(3OHCin)3 is also an anodic inhibitor of mild steel, as deduced from the polarisation experiments. Additionally, the 
results found from the NMR and electrospray spectroscopy suggest that there are more species present in solution due to 
the greater broadness in the NMR signal and the number of peaks found in the mass spectrum compared to La(4OHCin)3. 
Interestingly, the species found in the mass spectrum are more like the La(4OHCin)3 than it is to the La(2OHCin)3 in that 
the species are much more evenly distributed and the mass-to-charge ratio of [LaL3Cl]- and [LaL4]- is greater. 
To this end, from the information gathered it can be hypothesised that the position of the hydroxyl group on the aromatic 
ring of the La(xOHCin)3 has a significant impact on the corrosion inhibition efficiency and therefore a mechanism of action 
for the protection of the steel surface can be hypothesised for these inhibitors.  
Based on the schematic protective film shown in Figure 6, the orientations of the hydroxyl group are important for further 
interactions beyond the initial layer of bimetallic complex. As described in previous reports, the terminal hydroxyl groups 
from the 4OH cinnamate ligand (Fig 6a) is capable of intermolecular interactions (through hydrogen bonding) to nearby 
molecules of the inhibitor effectively increasing the thickness of the protective film and resulting in the precipitation of the 
rare earth metal hydroxide and iron oxides/hydroxides onto the surface due to local changes in the pH. With a gradual 
progress, it would be reasonable to suggest that the protective film would lead to a more uniform surface coverage.  
For La(3HOCin)3, the mechanism would be very similar in that the hydroxyl group is positioned in a geometry that is 
accessible to endure further interactions, as shown in figure 6b. Whilst for the La(2OHCin)3 inhibitor, the ortho-substitution 
causes the hydroxyl groups to be shielded by the aromatic ring (Fig 6c), preventing any further substitutions, and therefore 
eliminating the possibility of forming a matrix that would be possible for either the La(3OHCin)3 and the La(4OHCin)3 
inhibitors.  
These models were consistent with observations from the polarisation tests and NMR and mass spectroscopy analyses for 
the inhibitors La(4OHCin)3, La(3OHCin)3 and La(2OHCin)3.  
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Figure 6 Hypothesised mechanism of action from the protection of a steel substrate using the inhibitor (a) La(4OHCin)3, (b) 
La(3OHCin)3 and (c) La(2OHCin)3 
 
5. CONCLUSIONS 
The work here has shown the significance of organic structure and geometry on the corrosion mechanisms and their 
efficiency to mitigate corrosion on a mild steel substrate. The observation that lanthanum 3-hydroxy cinnamate performs 
better as a corrosion inhibitor than lanthanum 2-hydroxy cinnamate deduced the larger anodic shift in the potentiodynamic 
polarisation experiments suggests that the structure and therefore the position of the hydroxyl group may play an important 
role in the intermolecular interactions occurring on the surface of the steel. This was supported by the results found from 
the NMR spectroscopy and the electrospray mass spectrometry results where most species present in solution were of the 
[LaL3Cl]- and [LaL4]- whereas the species present for the lanthanum 2-hydroxy cinnamate were much lower in molecular 
weight and laid to the left of the equilibrium equation. 
The lanthanum 3-hydroxy cinnamate performs more like the lanthanum 4-hydroxy cinnamate and it would be reasonable to 
suggest that this is reflected upon the position of the hydroxyl group, both these inhibitors have a hydroxyl group that is 
free from steric hindrance, unlike the lanthanum 2-hydroxy cinnamate, and therefore capable of further intermolecular 
interactions which has been found to be important for film coverage on the metal surface.  
Further work is underway to investigate the influence of the chemistry of the REM components on speciation in different 
environmental conditions and to correlate this with inhibitor performance. This could lead to more clever choices of 
inhibitor combinations to yield even better inhibition properties of this family of compounds. 
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